Introduction {#s1}
============

Owing to the belief that periodontal regeneration is a recapitulation of the processes involved in root formation, these processes have recently gained increased attention from researchers (Luan et al., [@B49]; Huang and Chai, [@B34]; Xiong et al., [@B93]; Bosshardt et al., [@B11]). There is complete agreement that radicular development is controlled by Hertwig\'s epithelial root sheath (HERS) which is derived from the cervical loop of the enamel organ and determines root number, shape, and length. The end of crown morphogenesis comprising the cessation of enamel formation and the development of HERS is associated with the disappearance of the expression of mesenchymal fibroblast growth factor 10 (Fgf10) and of epithelial growth factor (Egf) receptor (Tummers and Thesleff, [@B84]; Yokohama-Tamaki et al., [@B96]; Fujiwara et al., [@B22]). Subsequently, HERS proliferates in an apical direction and induces the differentiation of odontoblasts and dentinogenesis. Other than during crown development, radicular dentinogenesis critically depends on nuclear factor Ic (Nfic) and transforming growth factor β (Tgfβ) signaling mediated by Smad4 (Huang and Chai, [@B34]; Xiong et al., [@B93]). On the first layer of root dentin, HERS cells deposit enamel matrix proteins (Xiong et al., [@B93]; Bosshardt et al., [@B11]). As far as the ultimate fate of HERS and its contribution to cementogenesis are concerned, opinions differ. There is general consensus that HERS disintegrates, thus forming the epithelial cell rests of Malassez and allowing mesenchymal cells of the dental follicle to gain access to the surface of the outermost dentin layer, where they differentiate into cementoblasts and form radicular cementum (Diekwisch, [@B16]; Luan et al., [@B49]; Huang et al., [@B33]; Huang and Chai, [@B34]; Xiong et al., [@B93]; Bosshardt et al., [@B11]). In addition, several researchers attribute to HERS a more active role in cementogenesis. There is evidence to suggest that some HERS cells undergo epithelial mesenchymal transition and differentiate into cementoblasts (Huang and Chai, [@B34]; Xiong et al., [@B93]; Bosshardt et al., [@B11]). HERS cells may even participate directly in cementogenesis and be embedded in the matrix of cellular cementum (Huang et al., [@B33]; Huang and Chai, [@B34]; Xiong et al., [@B93]). In the cervical root areas, cementoblasts incorporate a dense fringe of collagen fibers into the outer dentin and thus deposit the first layer of acellular cementum (Xiong et al., [@B93]; Bosshardt et al., [@B11]). Fringe fibers are subsequently elongated and mineralized under the control of tissue-nonspecific alkaline phosphatase (TNALP), while cementoblasts retreat from the advancing mineralization front (Bosshardt et al., [@B11]). In more apical root areas, cellular cementum comprising a mixture of predominantly intrinsic and scattered extrinsic collagen fibers (Shapey\'s fibers) is laid down. Other than during acellular cementum formation, cementoblasts, similar to osteoblasts, occasionally are embedded in the collagenous matrix as cementocytes (Xiong et al., [@B93]). Thus, the basic processes of root formation appear to comprise (1) the development of HERS associated with the transition from crown to root development, (2) apical growth of HERS associated with root elongation, (3) the induction of odontoblast differentiation and radicular dentinogenesis, (4) the disintegration of HERS and the initiation of cementogenesis as well as (5) formation of acellular and cellular cementum.

A special process confined to the development of multirooted teeth is the formation of the bi- or trifurcation. The critical structures for furcation formation seem to be tongue-shaped epithelial projections from the cervical loop of the enamel organ, which are already present but remain inactive during crown formation. Only when the root trunk is about to divide, these tongues proliferate and unite to form a continuous bridge. Similar to HERS in the periphery of the root, the epithelium of the bridges induces the differentiation of odontoblasts which subsequently produce the dentin at the floor of the pulp cavity, while bridge cells proliferate and grow apically in concert with the peripheral HERS (Schroeder, [@B70]). Even though epithelial bridges in the furcation area thus seem to behave similarly to HERS, it is not known whether bridge formation proceeds under the control of HERS. In this context a recent study of Kim et al. ([@B40]) is notable. It indicated that other than in the crown, the induction of root odontoblast differentiation and particularly the formation of dentin in and subjacent to the furcation critically depends on osterix. Hence the developmental processes involved in furcation formation could well be subject to specific regulatory mechanisms.

Short and/or misshapen roots are most often due to hard tissue resorption. Such secondary abnormalities which usually affect single teeth or small groups of teeth are a frequent consequence of dento-periodontal traumas, local periodontal inflammation, or orthodontic tooth movement using excessive forces (Andreasen, [@B3]; Tronstad, [@B83]). Irrespective of the cause, root resorption constitutes an inflammatory reaction. Therefore, its consequences can hardly be considered a malformation and will not be dealt with further in this review. The most common true human root malformations can be subdivided into (1) disorders of root development alone and (2) disorders of root development associated with a general tooth dysplasia. Disorders of root development alone comprise:

-   Premature arrest of root formation due to an extrinsic adverse effect

-   Root dilaceration

-   Root malformation associated with a cervical mineralized diaphragm/molar incisor malformation

-   Short root anomaly

-   Taurodontism

Disorders of root development associated with a general tooth dysplasia include:

-   Double teeth

-   Regional odontodysplasia

-   Hypophosphatasia

-   Dentin dysplasia type I

The same extrinsic adverse effects that entail root resorption can also lead to true developmental disorders, if they affect teeth during root morphogenesis. Most of these disorders are due to a premature arrest of radicular development as a consequence of a direct mechanical dento-periodontal trauma (Andreasen and Flores, [@B4]), local infection, radiation, or chemotherapy during the period of root morphogenesis (Jaffe et al., [@B36]; Sonis et al., [@B76]; Zarina and Nik-Hussein, [@B97]; Barbería et al., [@B10]). A local trauma can also indirectly affect developing permanent teeth when the insult primarily impacts on the primary predecessor. The effects of such indirectly acting traumas usually comprise enamel and (hidden) dentin hypoplasias in the crown, but in severe cases so-called root dilaceration, i.e., a serious root malformation, can ensue (Jafarzadeh and Abbott, [@B35]; Topouzelis et al., [@B82]). Root malformation associated with a cervical mineralized diaphragm (Witt et al., [@B90]), also designated as molar-incisor malformation (Lee et al., [@B45], [@B44]), constitutes a recently described condition which is probably due to an extrinsic although so far unknown cause and affects all permanent first molars. Two additional malformations confined to the roots in only part of the dentition are the so-called short root anomaly (Lind, [@B47]) and taurodontism (Haskova et al., [@B30]; Dineshshankar et al., [@B17]). Short root anomaly is mainly observed in permanent maxillary central incisors, while taurodontism, i.e., a disorder of furcation formation, affects only multirooted teeth. In both conditions at least a genetic component has been presumed, but taurodontism also occurs as a sequel of radiotherapy, i.e., an extrinsic cause (Barbería et al., [@B10]). In mice primary disruption of the processes of root formation affecting all teeth has been observed as a consequence of various genetic defects, for example in the *Nfic* (Steele-Perkins et al., [@B78]; Park et al., [@B62]), *Ptc* (patched; Nakatomi et al., [@B56]), *Dkk1* (dickkopf-related protein 1; Han et al., [@B28]), *Osx* (osterix; Kim et al., [@B40]), *Smad4* (Huang and Chai, [@B34]), and *Wls* (wntless; Bae et al., [@B7]) genes. In humans, however, only two forms of clearly hereditary malformations of the roots alone seem to exist. The first one is associated with osteopetrosis due to genetic defects of *CLCN7* (encoding a chloride channel component; Xue et al., [@B94]), the second one is related to a defective *PLG* gene (encoding plaminogen; Tananuvat et al., [@B79]). In the absence of confirming evidence, both conditions thus far constitute isolated cases.

Among the disorders of root development associated with a general tooth malformation, those observed in cases of double teeth, i.e., geminated and fused teeth (Schuurs and van Loveren, [@B71]), as well as in regional odontodysplasia (Crawford and Aldred, [@B14]; Hamdan et al., [@B27]; Tervonen et al., [@B80]; Al-Tuwirqi et al., [@B1]) are due to unknown causes. In agreement with the designation, double teeth involve only two teeth, whereas regional odontodysplasia affects at least a group of contiguous teeth in a quadrant of the dentition. Generalized dysplastic roots occur as a result of hypophosphatasia (McKee et al., [@B53]) and in dentin dysplasia type I (O Carroll et al., [@B59]; Ansari and Reid, [@B6]; Toomarian et al., [@B81]), both of which are hereditary. The aim of the present review is to analyze the characteristic features of these root malformations in an attempt to derive which basic processes of root morphogenesis potentially are disrupted.

Disorders of root development alone {#s2}
===================================

Premature arrest of root formation
----------------------------------

Premature arrest of root formation most frequently results from a direct trauma to a developing tooth (Andreasen and Flores, [@B4]). If the traumatic insult irreversibly damages the apical periodontal ligament including HERS and the neurovascular supply, these tissues as well as the pulp become necrotic. This occurs particularly in cases of traumatic intrusion and less frequently due to lateral luxations and extrusions (Andreasen and Kahler, [@B2]). As a consequence root elongation and radicular dentinogenesis stop, leaving a shortened root with thin dentinal walls and a wide open apex. Such teeth are at increased risk of fractures and pose a challenge for the endodontic treatment. Therefore, efforts are made to close the apex using a so-called apexification (Shabahang, [@B72]) or even pulp revascularization (Wigler et al., [@B89]; Palit et al., [@B61]). In fact there is radiographic evidence indicating that root elongation and dentinogenesis can be resumed, forming a complete root with a closed apex (Kottoor and Velmurugan, [@B41]).

Treatment of childhood cancer using radio- or chemotherapy also entails developmental tooth alterations (Jaffe et al., [@B36]; Sonis et al., [@B76]; Minicucci et al., [@B55]; Zarina and Nik-Hussein, [@B97]; Barbería et al., [@B10]; Pedersen et al., [@B63]). Owing to their non-selective potential to destroy proliferating cells, the therapeutic agents affect developing teeth as well. Depending on the dosage of the therapy and the age of the patients, the resulting dental abnormalities range from agenesis of individual teeth over microdontia to shortened roots as a result of premature arrest of root formation. Interestingly, unlike short roots in cases of mechanical trauma, those due to early cancer therapy always exhibit closed apices. Thus, even if root elongation is halted prematurely, dentinogenesis seems to progress and to complete the root tip.

Root dilaceration
-----------------

Dilaceration is most appropriately defined as a sharp bend of either the crown or root axis (Andreasen et al., [@B5]). This definition discriminates dilaceration from flexion which denotes a smooth physiologic or abnormal curvature of the root (Jafarzadeh and Abbott, [@B35]). Varying definitions of the condition might account for the wide range of percentages (0.42--98%) reported for the prevalence of dilaceration. Rather unexpectedly posterior teeth are more frequently affected than front teeth (Jafarzadeh and Abbott, [@B35]; Topouzelis et al., [@B82]). The cause of root dilaceration in molars and premolars is not entirely clear, although it is often seen in cases of eruption disorders when the forming roots of retained teeth encounter a cortical bone structure and subsequently are deflected (Marks and Cahill, [@B52]; Larson et al., [@B43]). In permanent front teeth dilaceration most often is a consequence of an indirect trauma to the primary predecessors (Jafarzadeh and Abbott, [@B35]; Topouzelis et al., [@B82]). The type of injury depends on the age of the patient. At early ages of 2--3 years the developing crown of the permanent tooth lies in a lingual position relative to the root of the primary predecessor. As a result, a luxation injury to the latter most likely hits the labial part of the permanent dental crown and causes enamel and (hidden) dentin hypoplasias. At the worst the formed part of the crown is dislocated to the lingual side, thus causing a crown dilaceration with a lingual angulation (Topouzelis et al., [@B82]). Root dilaceration occurs at later ages of 4--5 years, when the crown of the permanent successor is largely complete. At this stage of development, physiologic resorption of the primary tooth root has already started and the germ of the permanent tooth has moved to a position approximately in the axis of the predecessor. If the primary tooth at this stage is hit by an intrusive trauma, the crown as well as already formed radicular parts of the permanent tooth can be dislocated to the labial side (Topouzelis et al., [@B82]). As a consequence, a root dilaceration with a labial angulation ensues as is illustrated in Figure [1](#F1){ref-type="fig"}. In this example, the incisal edge of the affected central incisor pointed to the nasal floor (Figure [1A](#F1){ref-type="fig"}) and the formed root was hook-shaped (Figure [1B](#F1){ref-type="fig"}). As revealed by gaps in the enamel, the end of crown morphogenesis was temporarily disorganized, but coronal hard tissue formation apparently was resumed and completed (Figures [1C,D](#F1){ref-type="fig"}). Likewise the transition from crown to root development as well as the subsequent root elongation, dentinogenesis, and cementogenesis obviously progressed unaffected (Figures [1C,D](#F1){ref-type="fig"}). However, root morphogenesis appears to have followed the neuro-vascular supply which is derived from the infraorbital artery and nerve and runs down more or less vertically. As a consequence the flexed root developed (Topouzelis et al., [@B82]).

![**Radiographic, macroscopic, and microscopic appearance of root dilaceration. (A)** A lateral cephalogram shows the position of the incisal edge of a permanent maxillary central incisor (arrow) approximately 3 years after an intrusive trauma to the primary predecessor at the age of about 4.5 years. **(B)** A mesial macroscopic view of the reassembled permanent incisor reveals a sharp bend of the tooth axis in the cervical region and a curved hook-shaped root. **(C,D)** Corresponding overview **(C)** and detail **(D)** backscattered electron micrographs from a labio-lingual ground section depict normal enamel (e) and dentin (d), a tongue of cellular dentin (cd) which probably resulted from a local disorganization of the enamel organ, and normal acellular cementum (ac). Original magnifications **(B)** 4x, **(C)** 45x, **(D)** 350x.](fphys-06-00307-g0001){#F1}

Root malformation associated with a cervical mineralized diaphragm/molar incisor malformation
---------------------------------------------------------------------------------------------

At about the same time, an own study (Witt et al., [@B90]) and a report from South Korea (Lee et al., [@B45]) described a new type of root malformation which consistently affects the permanent first molars. Based on the observed distinguishing feature, we termed it root malformation associated with a cervical mineralized diaphragm (RM-CMD), while Lee et al. ([@B45]) called it molar-incisor malformation (MIM), because these authors noted also involvement of primary second molars and permanent maxillary central incisors in some cases. Affected permanent molars exhibit inconspicuous crowns, short, tapered roots and slit-shaped pulp cavities of markedly reduced height (Figures [2A,D](#F2){ref-type="fig"}). The distinguishing microscopic feature is a roughly lens-shaped mineralized plate at the level of the cemento-enamel junction, which we called a cervical mineralized diaphragm (CMD; Figures [2B,C,E](#F2){ref-type="fig"}). It comprises densely calcified, sometimes coalesced globules embedded in a moderately mineralized collagenous matrix as well as a network of soft tissue canals containing large blood vessels and connective tissue resembling periodontal ligament (Figures [2F,G](#F2){ref-type="fig"}). On the basis of these microscopic features, we proposed that the CMD developed in response to an as yet unknown external insult and was derived from the dental follicle (Witt et al., [@B90]). In contrast, Lee et al. ([@B44]) based on the immunohistochemical demonstration of dentin sialoprotein, collagen type XII, and osteocalcin concluded that the CMD originated mainly from the apical pulp, i.e., a derivative of the apical papilla, and partially from the dental follicle.

![**Radiographic and microscopic characteristics of root malformation associated with a cervical mineralized diaphragm/molar incisor malformation**. **(A)** A panoramic radiograph taken from a boy at the age of 8 years 1 month reveals rudimentary roots of all four permanent first molars, of which the maxillary right one (arrow) served for the microCT and microscopic evaluation. **(B)** Bucco-lingual microCT section depicting normal enamel (e) and dentin (d) as well as the cervical mineralized diaphragm (cmd). **(C)** A buccal view of a three-dimensional microCT reconstruction shows enamel (white), dentin (orange), the CMD (violet), and the pulp (red); note the constricted lingual root canal (arrow) curving around the margin of the CMD. **(D)** Mesial macroscopic view of the extracted permanent maxillary right first molar. **(E)** An overview micrograph from a bucco-lingual section stained with resorcin-fuchsin reveals dentin (d), the pulp (p), and the lingual root canal (arrow) curving around the margin of the CMD. **(F)** A detail of the CMD from the same section shows two soft tissue canals containing blood vessels (bv) and connective tissue resembling periodontal ligament (arrows). **(G)** A transmission electron micrograph of the CMD depicts fine-granular, partly coalesced globules embedded in a collagenous matrix. **(H,I)** Backscattered electron micrographs from the roof of the furcation **(H)** and the outer surface of the lingual root **(I)** display the margin of the CMD, dentin (d) as well as cellular (cc) and acellular (ac) cementum. Original magnifications **(D)** 3.2x, **(E)** 4x, **(F)** 200x, **(G)** 13000x, **(H,I)** 1500x. **(A)** is reprinted from Witt et al. ([@B90]) with permission from Elsevier.](fphys-06-00307-g0002){#F2}

The course of the tubules in the cervical coronal dentin suggested that the CMD already existed when dentinogenesis approached the cemento-enamel junction. It seemed to constitute a mechanical obstacle interfering with the normal retraction of the odontoblasts (Witt et al., [@B90]). Similarly, it also affected the formation of the root canals which curved around the margins of the CMD and were markedly constricted (Figures [2B,C](#F2){ref-type="fig"}). Nevertheless, the outer parts of the root stumps were comprised of regular tubular dentin covered by a layer of acellular cementum (Figure [2I](#F2){ref-type="fig"}), whereas the roof of the furcation immediately subjacent to the CMD contained only cellular cementum and interspersed soft tissue canals (Figure [2H](#F2){ref-type="fig"}). Thus, the transition from crown to root development, the initial apical growth of HERS, and the induction of dentinogenesis and cementogenesis along the root periphery seem to have progressed more or less unaffected. However, in the furcation area dentinogenesis was completely disrupted and replaced by excessive formation of cellular cementum, although the epithelial tongues of HERS might have fused.

Taurodontism
------------

The term taurodontism denotes a feature of multirooted teeth characterized by apical displacement of the bi- or trifurcation (Figures [3A--C](#F3){ref-type="fig"}; Haskova et al., [@B30]; Dineshshankar et al., [@B17]). This is accompanied by a reduced or absent constriction at the cemento-enamel junction and an increased occluso-apical height of the pulp cavity (Figure [3D](#F3){ref-type="fig"}). Taurodontism is seen in both permanent and primary teeth, although less commonly in the latter (Figure [3A](#F3){ref-type="fig"}; Bafna et al., [@B9]). Its overall prevalence ranges from about 0.25 to 11.3% (Haskova et al., [@B30]). Depending on the severity it is classified as hypo- (mild), meso- (moderate), and hypertaurodontism (severe; Dineshshankar et al., [@B17]). Taurodontism arises when the formation of the epithelial bridges in the area of the future furcation is delayed (Haskova et al., [@B30]; Dineshshankar et al., [@B17]). The condition has been considered an atavistic trait, possibly because it was widespread in teeth of Neanderthals (Kupczik and Hublin, [@B42]). However, it also occurs as a consequence of childhood cancer treatment (Barbería et al., [@B10]). This is not particularly surprising when considering that both radiotherapy and chemotherapy are aimed at destroying proliferating tissues and, therefore, conceivably also impair growth of the epithelial tongues of HERS. Several associations between taurodontism and other dental and non-dental conditions reveal that a genetic component is involved in the etiology. Thus, taurodontism is a key feature of tricho-dento-osseous syndrome (TDO; [^1^](#fn0001){ref-type="fn"}OMIM\#190320) which besides is characterized by kinky, curly hair during childhood and adolescence, hypoplastic-hypomaturation type amelogenesis imperfecta, and increased bone density due to dominant mutations of the homeobox gene *DLX3* (Figures [3B--F](#F3){ref-type="fig"}; Wright et al., [@B92], [@B91]; Price et al., [@B64]). A *DLX3* mutation has also been reported to account for amelogenesis imperfecta hypoplastic-hypomaturation with taurodontism (AIHHT; OMIM\#104510; Dong et al., [@B18]), although it has been disputed whether the described condition really constituted AIHHT or rather TDO with only minor hair and bone involvement (Price et al., [@B65]).

![**Radiographic, macroscopic, and microscopic features of taurodontism. (A)** A panoramic radiograph from a case of isolated taurodontism reveals mesotaurodontism of all permanent first molars and primary maxillary second molars (arrows), hypertaurodontism of the primary mandibular second molars (arrow-heads), and agenesis of the permanent maxillary left second premolar (asterisk). **(B)** The panoramic radiograph from an 11 year-old boy affected by tricho-dento-osseous syndrome due to a mutation in the *DLX3* gene reveals hypotaurodontism of all permanent first and mandibular second molars (arrows). Note the low contrast between enamel and dentin as a consequence of amelogenesis imperfecta. **(C)** A buccal macroscopic view of the primary mandibular left second molar extracted from the same boy several years earlier shows the markedly apical location of the bifurcation (arrow) and the brittle, partially chipped enamel. **(D--F)** Overview **(D)** and detail **(E,F)** backscattered electron micrographs from a mesio-distal ground section of the primary molar depict the apical position of the floor of the pulp cavity (arrow), hypoplastic-hypomaturated enamel (e), normal dentin (d), and normal acellular cementum (ac). Original magnifications **(C)** 6x, **(D)** 50x, **(E)** 800x, **(F)** 4000x.](fphys-06-00307-g0003){#F3}

A microscopic examination of a primary mandibular second molar from a case of TDO demonstrates that apart from the apical location of the floor of the pulp cavity (Figure [3D](#F3){ref-type="fig"}), all components of the root including dentin and cementum are normal (Figures [3E,F](#F3){ref-type="fig"}). Thus, in humans *DLX3* does not seem to be involved in any process of root development except the formation of the furcation. This contrasts with the phenotype entailed by a neural crest deletion of *Dlx3* in mice, which revealed short molar roots and enlarged pulp chambers with thin dentinal walls but no obvious taurodontism (Duverger et al., [@B19]). Since the features associated with the *Dlx3* deletion were shown to be due to down-regulation of dentin sialophosphoprotein (Dspp), they appear to rather phenocopy the so-called shell teeth observed in dentinogenesis imperfecta type III (OMIM\#125500) which is caused by mutations in the *DSPP* gene (MacDougall et al., [@B51]; Kim and Simmer, [@B39]). Concordance of the phenotypes in knock-out mice and humans, at least with respect to taurodontism, was observed as a result of defects of the *WNT10A* gene (Yang et al., [@B95]). Yang et al. ([@B95]) speculated that loss-of-function mutations of *WNT10A* in Neanderthals could account for the widespread occurrence of taurodontism in these ancestors. Apart from taurodontism, genetic defects of *WNT10A* in modern humans cause also tooth agenesis and alterations in shape of the dental crowns but no other obvious tooth abnormalities. This combination of features suggests that *WNT10A* is important at the early initiation stage of odontogenesis as well as in the later stages of crown and root morphogenesis, but not in hard tissue formation (Yang et al., [@B95]).

Short root anomaly
------------------

Short root anomaly (SRA) has first been described by Lind ([@B47]) and recently reviewed by Valladares Neto et al. ([@B85]). Its overall prevalence is about 0.6--2.4%, but it occurs about 2.5--3 times more often in females than males. By far the most frequently affected teeth are the permanent maxillary central incisors, while other teeth, mainly premolars, are more rarely involved. The precise etiology of SRA is unknown, although clear familial clustering suggests that a genetic component at least plays a role (Lind, [@B47]). Since the crowns of affected teeth are perfectly normal, the anomaly is detected incidentally on radiographs. It is characterized by plump, short (only little longer or even shorter than the crowns) roots of inconspicuous radiodensity, which lack any signs of antecedent hard tissue resorption. This suggests that the basic processes of root morphogenesis progress normally, but root growth in length, i.e., the apical growth of HERS, is deficient.

Disorders of root development associated with a general tooth dysplasia {#s3}
=======================================================================

Double teeth
------------

Double teeth result from the union of two adjacent teeth during odontogenesis. The etiology is unknown; presumed contributing factors are an evolutionary trend, trauma, environmental factors, and a hereditary component (Schuurs and van Loveren, [@B71]; Shashirekha and Jena, [@B74]; Hattab, [@B31]). Double teeth occur as two distinct entities which are referred to as gemination (with a prevalence of about 0.08--2.5%) and fusion (with a frequency of 0.1--0.85%; Shashirekha and Jena, [@B74]; Hattab, [@B31]). Gemination denotes a form of double teeth originating from the union of a regular and a supernumerary tooth, i.e., it reflects the incomplete splitting of one tooth germ. Fusion occurs when two regular tooth germs conjoin. Depending on the stage of development at which the union takes place, double teeth exhibit a broad crown with only an incisal/occlusal notch or labial/buccal groove and a single broad root (Figures [4A--C](#F4){ref-type="fig"}) or a partially divided crown and partially or completely separated roots (Schuurs and van Loveren, [@B71]; Hattab, [@B31]). Although, their validity has been doubted by Schuurs and van Loveren ([@B71]), the classical criteria for discriminating gemination and fusion are a tooth count and the pulp anatomy of the conjoined teeth. When the oversized tooth is counted as one, the number of teeth is normal in cases of gemination and reduced in cases of fusion. Geminated teeth usually exhibit a partially or completely united pulp cavity (Figure [4D](#F4){ref-type="fig"}), while the pulp is completely divided in fused teeth. In cases of gemination the roots commonly are straight and broad and exhibit only a shallow groove in the area of the union (Figures [4B,C](#F4){ref-type="fig"}), whereas in cases of fusion the roots can be distorted because the germs of the conjoined teeth are not perfectly aligned (Schuurs and van Loveren, [@B71]). However, there are no indications that any component of the misshapen roots is defective. Thus, a normal HERS appears to develop from the cervical loop of the united enamel organs and to control all subsequent steps of radicular morphogenesis.

![**Clinical, radiographic, and macroscopic appearance of gemination. (A)** An intraoral view of a geminated permanent maxillary left central incisor shows the size of the double tooth in comparison with that of the normal right central incisor. Note that the tooth count is correct if the oversized incisor is counted as one. **(B)** The apical radiograph from the same incisor reveals two faintly visible separate pulp horns (arrows). **(C)** A lingual macroscopic view of the double tooth shows a small notch in the incisal edge and a groove in the cervical tubercle (arrows) which continues as a shallow groove on the root. **(D)** A macroscopic view of the mesio-distally cut incisor demonstrates the partially divided coronal pulp and the single root canal (arrows). Original magnifications **(C,D)** 4x.](fphys-06-00307-g0004){#F4}

A condition related to but distinct from double teeth is an entity referred to as concrescence (Romito, [@B68]). Concrescence denotes a union of adjacent teeth by means of only radicular cementum. The etiology of such a union is unknown; trauma and a tight relationship of the neighboring tooth roots have been considered possible causative factors. Since concrescence can arise during or after root development (Romito, [@B68]), it is not always a true root malformation.

Regional odontodysplasia
------------------------

Regional odontodysplasia (RO) is so uncommon that it mostly has been characterized in reports of isolated cases (Gardner and Sapp, [@B23], [@B24]; Gibbard et al., [@B26]; Sapp and Gardner, [@B69]; Kerebel and Kerebel, [@B38]; Fearne et al., [@B21]; Gerlach et al., [@B25]), although several reviews cover the literature from successive time periods (Crawford and Aldred, [@B14]; Hamdan et al., [@B27]; Tervonen et al., [@B80]; Al-Tuwirqi et al., [@B1]). RO is an apparently non-hereditary disorder of enamel and dentin mostly affecting all or part of a quadrant, sometimes also two or more quadrants, and more often the maxilla than the mandible. The etiology is unclear; local circulatory disorders, viral infections, or a neural disturbance have been considered the most likely causes. Patients usually seek medical help at an early age because of a delay or failure in tooth eruption or because of pain resulting from pulp infections. Affected teeth exhibit a rough, discolored crown surface (Figures [5A,D](#F5){ref-type="fig"}) and radiographically a characteristic "ghost-like" appearance (Figures [5B,C](#F5){ref-type="fig"}). Microscopically, dental enamel is hypoplastic and hypomineralized (Figures [5E,F](#F5){ref-type="fig"}). The hard tissue subjacent to the dentin-enamel junction often comprises thin layers of more or less regular tubular mantle dentin and interglobular dentin. Most of the space normally occupied by circumpulpal dentin and the pulp contains large voids as well as so-called amorphous masses of densely mineralized globules and less densely mineralized hard tissue which has been classified as cellular dentin (Figures [5E,F](#F5){ref-type="fig"}; Crawford and Aldred, [@B14]). No dentinal tubules exist in the dysplastic core of the crown, suggesting that the abnormal deposits do not constitute a mechanical obstacle for dentinogenesis. Rather odontoblasts must be assumed to have died for unknown reasons, after some circumpulpal dentin had been laid down.

![**Clinical, radiographic, and microscopic features of regional odontodysplasia**. **(A)** An intraoral view of the affected mandibular right quadrant taken from a boy at the age of 2 years 8 months shows the primary second molar (arrow) which was later examined microscopically. **(B)** Apical radiograph of the mandibular front at the age of 4 years 7 months illustrating the ghost-like appearance of the permanent incisors. **(C)** A panoramic radiograph at the age of 5 years reveals a single root in the primary mandibular right second molar (arrow) as compared to the normally spread roots in the contralateral tooth. **(D)** Macroscopic buccal view of the single-rooted primary mandibular second molar extracted at the age of 5 years 4 months. **(E,F)** An overview **(E)** and detail **(F)** backscattered electron micrograph of a bucco-lingual ground section show hypoplastic enamel (e), tubular dentin containing clefts (d), interglobular dentin (igd), and amorphous masses (am) consisting of densely calcified globules and cellular dentin. **(G,H)** An overview **(G)** and detail **(H)** light micrograph of the cerviacl root surface stained with toluidine blue depict the root canal (rc), normal dentin (d), the granular layer of Tomes (glt), acellular cementum (ac), and Sharpey\'s fibers (arrow) attaching the periodontal ligament (pdl) to the root. **(I)** Backscattered electron micrograph of the apical root region revealing normal dentin (d), the granular layer of Tomes (glt), and cellular cementum (cc) with signs of hard tissue resorption. Original magnification **(D,E)** 5x, **(F)** 75x, **(G)** 50x, **(H)** 200x, **(I)** 220x.](fphys-06-00307-g0005){#F5}

The microscopic features probably account for the ghost-like radiographic appearance and the susceptibility to pulp infection in the absence of caries. Loss of pulp vitality might also be the reason why root formation often ends prematurely, leaving wide open apices (Gibbard et al., [@B26]; Fearne et al., [@B21]; Crawford and Aldred, [@B14]; Hamdan et al., [@B27]). However, if the pulp remains vital long enough, radicular morphogenesis although somewhat delayed can be completed and result in a closed apex (Gardner and Sapp, [@B23]; Gibbard et al., [@B26]; Gerlach et al., [@B25]; Spini et al., [@B77]). This was also true for the primary mandibular right second molar of the case shown in Figure [5](#F5){ref-type="fig"}. In agreement with previous reports (Crawford and Aldred, [@B14]; Gerlach et al., [@B25]; Hamdan et al., [@B27]; Carlos et al., [@B12]), radicular dentin was much closer to normal than coronal dentin and in particular did not contain amorphous masses (Figures [5E,G--I](#F5){ref-type="fig"}). In the periphery, a granular layer of Tomes could be identified, and dentinal tubules traversed the entire wall of the root canal which, however, was abnormally wide and contained some scattered denticles. As in the crown, dentinogenesis obviously ended before the normal thickness of radicular dentin was attained. Whether, this occurred because the pulp died due to an infection or was caused by something else remains obscure. Irrespective of the premature termination of dentinogenesis, both accellular (Figures [5G,H](#F5){ref-type="fig"}) and cellular (Figure [5I](#F5){ref-type="fig"}) cementum were normal in appearance. This agrees with earlier reports (Gardner and Sapp, [@B23]; Gibbard et al., [@B26]) although there are also studies indicating that cementum is thin (Carlos et al., [@B12]) or even absent in places (Crawford and Aldred, [@B14]). Thus, even if possibly delayed, the transition from crown to root morphogenesis, apical growth of HERS and root elongation as well as the induction of radicular dentinogenesis and cementogenesis seem to progress properly in RO. Strikingly, however, a bifurcation dividing the root trunk into normally spread mesial and distal roots failed to form in the presented primary mandibular second molar (Figures [5C,D](#F5){ref-type="fig"}). Obviously, the epithelial projections of HERS did not unite and a furcation failed to form. This can also occur in the absence of other dental abnormalities although single-rooted primary molars are rare (Haridoss et al., [@B29]).

Hypophosphatasia
----------------

Hypophosphatasia (HPP) is caused by homozygous, compound heterozygous, or heterozygous loss-of-function mutations in the *ALPL* gene encoding tissue-nonspecific alkaline phosphatase (TNALP). This enzyme controls biomineralization of organic matrices in bones and teeth by cleaving inorganic pyrophosphate which acts as a strong inhibitor of mineral crystal deposition (McKee et al., [@B54], [@B53]). Based on the age at onset, HPP is classified into a perinatal, infantile (OMIM\#241500), childhood (OMIM\#241510), and adult (OMIM\#146300) form. Clinical features include mineralization disorders of bones and teeth, which manifest themselves as rickets and early loss of teeth. These manifestations vary tremendously from severe (lethal) in the perinatal/infantile form to mild in the adult form of the disease. An additional form lacking any signs of skeletal involvement and showing only the dental features is referred to as odontohypophosphatasia.

The case illustrated in Figure [6](#F6){ref-type="fig"} is an example of odontohypophosphatasia which exhibits most of the typical dental features described in previous case reports (Baer et al., [@B8]; El-Labban et al., [@B20]; Lundgren et al., [@B50]; Chapple, [@B13]; Olsson et al., [@B60]; Lepe et al., [@B46]; Hu et al., [@B32]; Van den Bos et al., [@B86]). At the age of 3 years the boy was referred to a pediatric dentist because several primary front teeth had spontaneously exfoliated, before their roots were fully formed (Figures [6C,D](#F6){ref-type="fig"}). No radiographic signs of rickets could be detected. Only after a histological examination of the exfoliated primary teeth had revealed complete absence of acellular cementum (Figures [6F,G](#F6){ref-type="fig"}), laboratory tests were made which revealed markedly lowered serum concentrations of TNALP (32 U/l) and markedly elevated concentrations of pyridoxal-5-phosphate (317.1 μg/l). Also urinary levels of phosphoethanolamine, i.e., a hallmark of HPP (Lundgren et al., [@B50]), were increased. Complete aplasia of cementum has also been observed in earlier investigations (Hu et al., [@B32]), but a majority of authors described cementum as thin and only partially missing (Baer et al., [@B8]; El-Labban et al., [@B20]; Lundgren et al., [@B50]; Olsson et al., [@B60]). Notably, cellular cementum seems to be less severely affected than acellular cementum (McKee et al., [@B53]), possibly because formation of the cellular variety is rather insensitive to alterations in pyrophosphate (Zweifler et al., [@B98]). Instead of cementum, a thick subgingival dental plaque covered the root surface of the primary teeth in the presented patient (Figure [6G](#F6){ref-type="fig"}). Bacterial plaque on the roots of affected teeth has also been observed previously and was even considered responsible for the lack of periodontal support (El-Labban et al., [@B20]), but this inference was disputed by Olsson et al. ([@B60]). Likewise in agreement with previous reports (Baer et al., [@B8]; Lundgren et al., [@B50]; Hu et al., [@B32]; Van den Bos et al., [@B86]), the radicular dentin of the exfoliated teeth was regularly tubular (Figures [6F,G](#F6){ref-type="fig"}) and the size of the pulp chamber corresponded fairly well to the stage of dental development (Figures [6A,D,E](#F6){ref-type="fig"}). Thus, it would appear that cementogenesis is particularly sensitive to a deficiency in TNALP, while dentinogenesis and root growth are less vulnerable (McKee et al., [@B54]). However, as suggested by a radiograph taken from the presented boy at the age of 10 years 8 months (Figure [6B](#F6){ref-type="fig"}), this may vary between primary and permanent teeth. While no permanent teeth had been lost by then and, hence, their periodontal support was obviously sufficient, both crowns and roots of the canines, premolars, and molars were malformed. This raises the question, whether TNALP in addition to mineralization of dental hard tissues directly or indirectly also affects tooth morphogenesis.

![**Clinical, radiographic, and microscopic features of hypophosphatasia. (A,B)** Panoramic radiographs taken from a boy at the ages of 5 years 6 months **(A)** and 10 years 8 months **(B)**; the early radiograph **(A)** shows the remaining primary molars as well as the germs of the permanent teeth, metal-dense structures in the maxilla originate from clasps of a prosthesis. The later radiograph **(B)** reveals aberrant shapes of the crowns and roots of the permanent teeth. **(C)** Intraoral view at the age of 3 years following the premature exfoliation of 11 of 12 primary front teeth. **(D)** Recovered exfoliated primary teeth, of which the maxillary left canine (arrow) was used for the microscopic investigation. **(E--G)** Overview **(E)** and detail **(F,G)** light micrographs from a bucco-lingual ground section stained with toluidine blue show normal enamel (e) and dentin (d), remnants of the pulp (pr), and dental plaque (dp). **(H)** A comparable detail micrograph from the root surface of a healthy primary canine reveals normal dentin (d), the granular layer of Tomes (glt), acellular cementum (ac), and Sharpey\'s fibers (arrow) attaching the periodontal ligament (pdl) to the root. Original magnifications **(E)** 5x, **(F)** 50x, **(G)** 400x, **(H)** 200x.](fphys-06-00307-g0006){#F6}

Dentin dysplasia type I
-----------------------

Dentin dysplasia type I (DDI; OMIM\#125400) is a heritable dentin disorder transmitted as an autosomal dominant trait (O Carroll and Duncan, [@B58]). However, the causative genetic defect has not been elucidated so far. The frequency of DDI is about 1 in 100,000 (Kim and Simmer, [@B39]). For this reason, knowledge on this disorder mainly originates from reports of isolated cases (Wesley et al., [@B88]; Kalk et al., [@B37]; Vieira et al., [@B87]; Neumann et al., [@B57]; Shankly et al., [@B73]; Özer et al., [@B48]; Da Rós Gonçalves et al., [@B15]; Rocha et al., [@B67]), although a few reviews (O Carroll et al., [@B59]; Ansari and Reid, [@B6]; Toomarian et al., [@B81]) are also available. The case shown in Figure [7](#F7){ref-type="fig"} illustrates the typical findings. Clinically, the crowns of affected teeth are usually normal in shape and color, but sometimes also slightly opalescent (Figure [7A](#F7){ref-type="fig"}). Radiographs reveal largely or completely obliterated pulp chambers and short, often pointed roots with apical radiolucencies in the absence of caries (Figure [7B](#F7){ref-type="fig"}). Based on these radiographic features, O Carroll et al. ([@B59]) proposed a subdivision into four forms. However, this classification does not allow an unambiguous assignment of the presented case. Microscopic examination shows that in the crown, the enamel and a thin layer of dentin subjacent to the dentin-enamel junction is completely normal. Further inside, hard tissue comprises some still tubular interglobular dentin, but the bulk of the space normally occupied by the innermost circumpulpal dentin and pulp cavity is filled with roundish calcified bodies partially separated by crescent-shaped soft tissue spaces (Figures [7C--E](#F7){ref-type="fig"}). These calcified bodies are variably referred to as whorls (Wesley et al., [@B88]; O Carroll and Duncan, [@B58]) or denticles (Ranta et al., [@B66]). Shields et al. ([@B75]) even considered them true denticles, which entailed the conclusion that their formation was induced by displaced fragments of a disintegrated HERS (Ranta et al., [@B66]). However, a close look at the denticle-like structures (Figure [7E](#F7){ref-type="fig"}) reveals that they lack the typical features of true denticles such as an epithelial core and tubules. Dentinal tubules rather appear to arise from the peripheral normal dentin and to curve around the calcified bodies. This suggests that normal odontoblasts attempt to lay down dentin, but on their way back from the advancing formation front are blocked and shunted by the preexisting ectopic obstacles in the dental papilla. Nevertheless, the cause of the ectopic hard tissue formation in the dental papilla remains obscure.

![**Clinical, radiographic, and microscopic characteristics of dentin dysplasia type I**. **(A)** An intraoral view of a female patient at the age of 16 years 3 months shows a slightly opalescent permanent maxillary central incisor with a fistula (arrow). **(B)** A panoramic radiograph taken at the same age reveals short roots in all permanent teeth as well as only rudimentary furcations and apical radiolucencies in the second molars (arrows); the mandibular left second premolar (arrow-head) served for the microscopic investigation. **(C--E)** Overview **(C)** and detail **(D,E)** backscattered electron micrographs from a bucco-lingual ground section of the premolar depict normal enamel (e) and dentin (d), interglobular dentin (igd), and denticle-like bodies (dlb). In the detail **(E)**, note the dentinal tubules (arrows) arising from the periphery and curving around the denticle-like body. **(F--H)** An overview **(F)** and details **(G,H)** of the root surface from the same ground section stained with toluidine blue reveal dysplastic dentin (dyd), interglobular dentin (igd), acellular cementum (ac), and Sharpey\'s fibers (arrow) attaching the periodontal ligament (pdl) to the root. Original magnifications **(C)** 10x, **(D)** 100x, **(E)** 350x, **(F)** 12.5x, **(G)** 50x, **(H)** 200x.](fphys-06-00307-g0007){#F7}

In the root, individual denticle-like structures cannot be identified. Rather a mass of dysplastic hard tissue and interspersed small soft tissue canals fill the entire core of the root. In the periphery, however, thin layers of regular and interglobular dentin as well as acellular cementum with inserting periodontal Sharpey\'s fibers are still present (Figure [7H](#F7){ref-type="fig"}). Thus, it seems that the transition from crown to root formation is unaffected and the apical growth of HERS as well as the induction of radicular dentinogenesis and cementogenesis start normally, but are prematurely halted by the ectopic hard tissue formed in the dental papilla. In the permanent second molars of the presented case, this apparently occurred shortly after a futile attempt to build a furcation (Figure [7B](#F7){ref-type="fig"}).

Dentinogenesis imperfecta types I, II, and III, X-linked hypophosphatemia
-------------------------------------------------------------------------

Except for RO and DDI, dentin disorders do not appear to entail radicular malformations characterized by deviations in root length or shape, but rather alterations in pulp cavity dimensions. Dentinogenesis imperfecta type I associated with osteogenesis imperfecta (OMIM\#166200) is caused by genetic defects of *COL1A1* and *COL1A2*, i.e., the two genes encoding the α1 and α2 chains of type I collagen. Dentinogenesis imperfecta type II (OMIM\#125490) results from mutations in the *DSPP* gene which encodes dentin sialophosphoprotein, i.e., a non-collagenous component of the dentin matrix. Both forms of dentinogenesis imperfecta are characterized by early complete obliteration of the pulp cavity including the root canals. In contrast so-called shell teeth affected by dentinogenesis imperfecta type III (OMIM\#125500) which is also caused by genetic defects of *DSPP*, exhibit excessively large pulp cavities (MacDougall et al., [@B51]; Kim and Simmer, [@B39]). X-linked hypophosphatemia (OMIM\#307800) is due to mutations in the *PHEX* (phosphate-regulating gene with homologies to endopeptidases on the X chromosome) gene. Affected teeth exhibit hypomineralized dentin characterized by large amounts of so-called interglobular dentin (partly confluent globules of mineralized dentin separated by interstices of unmineralized matrix) and enlarged pulp cavities. These are sometimes mistaken as taurodontism although the furcation is not displaced apically (McKee et al., [@B53]).

Discussion {#s4}
==========

A summarizing comparison of the described most common human root dysplasias and the basic processes of root formation (Table [1](#T1){ref-type="table"}) shows that the development of HERS at the transition from crown to root morphogenesis constitutes a particularly robust process, whereas apical growth of HERS associated with root elongation as well as the formation of the furcation in multirooted teeth seem to be rather susceptible to various intrinsic and extrinsic adverse effects.

###### 

**Summary of the most common human root malformations as against potentially affected processes of root development**.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Root malformation**        **Processes of root formation**                                                                                                                                                                                                                                                              
  ---------------------------- --------------------------------- -------------------- ---------------- ----------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------- -------------------------------------- ----------------------------------------------------------
  Short roots due to                                                                                                                                                                                                                                                                                                        

     direct trauma             Unaffected                        Disrupted            Disrupted        Continues                                                                                                                                             Disrupted               n.a.[^a^](#TN1){ref-type="table-fn"}   n.a.[^a^](#TN1){ref-type="table-fn"}

     radiotherapy              Unaffected                        Disrupted            Disrupted        Continues                                                                                                                                             Continues               Delayed                                Unaffected (?)

     chemotherapy              Unaffected                        Disrupted            Disrupted        Continues                                                                                                                                             Continues               Delayed (?)                            Unaffected (?)

  Root dilaceration            Delayed (?)                       In wrong direction   Unaffected       Unaffected                                                                                                                                            Unaffected              Unaffected (?)                         Unaffected (?)

  Taurodontism                 Unaffected                        Unaffected           Unaffected       Unaffected                                                                                                                                            Unaffected              Delayed                                Unaffected

  Short root anomaly           Unaffected                        Impaired             Unaffected       Unaffected                                                                                                                                            Unaffected              n.a.[^a^](#TN1){ref-type="table-fn"}   n.a.[^a^](#TN1){ref-type="table-fn"}

  Root malformation with CMD   Unaffected                        Impaired             Unaffected       Unaffected                                                                                                                                            Mechanically impaired   Disturbed                              d[^b^](#TN2){ref-type="table-fn"}: disrupted\
                                                                                                                                                                                                                                                                                                                            c[^c^](#TN3){ref-type="table-fn"}: excessive

  Double teeth                 Unaffected                        Unaffected           Unaffected       Unaffected                                                                                                                                            Unaffected              n.a.[^a^](#TN1){ref-type="table-fn"}   n.a.[^a^](#TN1){ref-type="table-fn"}

  Regional odontodysplasia     Unaffected                        Impaired             Unaffected (?)   Unaffected                                                                                                                                            Impaired                Impaired                               Impaired (?)

  Hypophosphatasia             Unaffected                        Unaffected           Unaffected       Dis[^d^](#TN4){ref-type="table-fn"}: unaffected (?) ac[^e^](#TN5){ref-type="table-fn"}: impaired cc[^f^](#TN6){ref-type="table-fn"}: unaffected (?)   Impaired (?)            Unaffected                             Impaired (?)

  Dentin dysplasia type I      Unaffected                        Impaired             Unaffected       Unaffected                                                                                                                                            Mechanically Impaired   Impaired (?)                           d[^b^](#TN2){ref-type="table-fn"}: mechanically impaired
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*not applicable, because malformation largely occurs in single rooted teeth*;

*d, dentinogenesis*;

*c, cementogenesis*;

*dis, disintegration*;

*ac, acellular cementum formation*;

cc, cellular cementum formation.

The transition from crown to root formation and the concomitant development of HERS do not appear to be disrupted in any of the described radicular dysplasias. Thus, truly rootless teeth seem to be extremely rare in humans. Among the impacts affecting the apical proliferation of HERS, direct mechanical traumas to erupted immature teeth occur too late to exert influence on crown-root transition. On the other hand as revealed by the cases of root dilaceration, the effect of earlier indirect mechanical traumas via the primary predecessor do not appear to be harsh enough to completely disrupt HERS development, probably because the germ of the permanent tooth is rather well protected by the cushion of follicular soft tissues. Conceivably, early childhood cancer treatment using radiotherapy or chemotherapy could affect crown-root transition, but to the best of my knowledge no examples seem to exist in the literature. Considering that defects of the *Nfic* gene in mice completely prevent root formation (Steele-Perkins et al., [@B78]), human hereditary abnormalities associated with a radicular dysplasia are candidates for an effect on crown-root transition. In fact O Carroll et al. ([@B59]) and O Carroll and Duncan ([@B58]) displayed a graphical sketch of a tooth affected by DDI which virtually lacks roots. However, radiographs from real cases reveal at least small root stumps, suggesting that the designation "rootless teeth" in cases of DDI is not quite appropriate.

Apical growth of HERS and the associated root elongation turn out to be one of the most susceptible processes of radicular morphogenesis (Table [1](#T1){ref-type="table"}). Hence shortened roots would be the most prevalent malformation in humans, which agrees with clinical experience. However, the undisputable success of attempts at revascularization of necrotic teeth after dental injuries (Kottoor and Velmurugan, [@B41]) suggests that even the premature arrest of root growth is not necessarily as irreversible as previously thought. Intimately related to the apical proliferation of HERS are the induction of odontoblast differentiation and the subsequent radicular dentinogenesis. Therefore, the development of new odontoblasts from the ectomesenchymal cells of the dental papilla inevitably comes to a halt when root elongation is disrupted. However, further dentinogenesis also depends on the vitality of the pulp. If this is not challenged as in the case of radiotherapy or chemotherapy, dentinogenesis can continue even if root growth is arrested. Conversely, in cases of radicular dysplasias associated with enlarged root canals such as RO, it is often unclear whether the enlargement of the pulp cavity is due to impairment of dentinogenesis or the devitalization of the pulp, for example as a result of an infection. A remarkable observation in cases of severe dentinal disorders such as RO and DDI was that at least a thin peripheral layer of coronal and radicular dentin was normal. This suggests that the differentiation of odontoblasts is unaffected and dentinogenesis starts normally, until it encounters a mechanical obstacle (as in DDI) or is arrested for some unknown reason (as in RO).

Among the described human root malformations, HPP is the only one affecting cementogenesis, in particular the development of acellular cementum (Table [1](#T1){ref-type="table"}). HPP is caused by mutations in the *ALPL* gene encoding tissue-nonspecific alkaline phosphatase (TNALPL) and the effect on cementogenesis seems to be due to defective mineralization resulting from a disrupted regulation of extracellular pyrophosphate cleavage (McKee et al., [@B53]). Although, a deficiency in TNALP can also entail consequences in dentin, the impact on cementum formation seems to be independent of that on dentinogenesis, as hypoplasia or even aplasia of cementum can occur in combination with completely normal radicular dentin. However, it remains mysterious how a disturbance of mineralization due to excessive concentrations of inorganic pyrophosphate can lead to complete absence of acellular cementum.

The processes involved in formation of the bi- or trifurcation in multirooted teeth appear to be particularly susceptible to extrinsic as well as genetic and other intrinsic influences (Table [1](#T1){ref-type="table"}). In most conditions the formation of the epithelial bridges in the area of the future furcation is delayed, probably because epithelial proliferation is impaired. However, once the bridges are completed, the subsequent interradicular dentinogenesis and cementogenesis apparently can progress unaffected. Such a combination of a delay in furcation formation and normally progressing other processes of root development results in taurodontism which occurs as an isolated trait (Haskova et al., [@B30]), as part of hereditary syndromes (Wright et al., [@B92]; Yang et al., [@B95]), or as a feature accompanying consequences of radiotherapy and chemotherapy (Barbería et al., [@B10]). In RM-CMD/MIM the situation is exactly reversed: The roots of affected permanent first molars separate in an abnormally coronal position. Based on the microscopic structure of the misshapen furcation it is impossible to unambiguously derive whether epithelial bridges ever develop. Irrespectively the induction of odontoblast differentiation and dentinogenesis at the roof of the furcation and in the interradicular area are completely suppressed and no regular root trunk is formed. The most drastic disruption of furcation development leading to single-rooted posterior teeth apparently can occur in RO and most likely also in DDI. Whereas in RO the cause of the absent furcation formation is obscure, the masses of dysplastic hard tissue occupying the entire core of teeth affected by DDI conceivably interfere with the development of the epithelial bridges.

Thus, while many characteristics of the described most common human root dysplasias can be assigned to defects in specific processes of root development, the many question marks contained in Table [1](#T1){ref-type="table"} indicate that inferences as to the precise pathogenesis of root malformations are rather speculative, because the processes involved in radicular morphogenesis and particularly in furcation development are incompletely understood.
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All radiographs except the one shown in Figure [2A](#F2){ref-type="fig"} (Figures [1A](#F1){ref-type="fig"}, [3A,B](#F3){ref-type="fig"}, [4B](#F4){ref-type="fig"}, [5B,C](#F5){ref-type="fig"}, [6A,B](#F6){ref-type="fig"}, [7B](#F7){ref-type="fig"}) and intraoral photographs (Figures [4A](#F4){ref-type="fig"}, [5A](#F5){ref-type="fig"}, [6C](#F6){ref-type="fig"}, [7A](#F7){ref-type="fig"}) have been taken by dental technicians at the Center of Dental Medicine, University of Zurich. The radiograph shown in Figure [2A](#F2){ref-type="fig"} has been supplied by a private dental practice in Germany. All macroscopic photographs (Figures [1B](#F1){ref-type="fig"}, [2D](#F2){ref-type="fig"}, [3C](#F3){ref-type="fig"}, [4C,D](#F4){ref-type="fig"}, [5D](#F5){ref-type="fig"}, [6D](#F6){ref-type="fig"}), microCT reconstructions (Figures [2B,C](#F2){ref-type="fig"}), and micrographs (Figures [1C,D](#F1){ref-type="fig"}, [2E--I](#F2){ref-type="fig"}, [3D--F](#F3){ref-type="fig"}, [5E--I](#F5){ref-type="fig"}, [6E--H](#F6){ref-type="fig"}, [7C--H](#F7){ref-type="fig"}) have been made by the author.
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DDI

:   dentin dysplasia type I

HERS

:   Hertwig\'s epithelial root sheath

HPP

:   hypophosphatasia

MIM

:   molar incisor malformation

RM-CMD

:   Root malformation associated with a cervical mineralized diaphragm

RO

:   regional odontodysplasia

SRA

:   short root anomaly

TNALP

:   tissue-nonspecific alkaline phosphatase.
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